Abstract
The impact of melt water injection into ice streams over the Greenland Ice Sheet is not well understood. Water-filled crevasses along the shear margins of Jakobshavn Isbrae are known to fill and drain, resulting in weakening of the shear margins due to reduced basal friction. Additionally, seasonal variability in the hydrologic dynamics of these features has not been quantified. In this work, we characterize the spatial and temporal variability in the hydrological state (filled or drained) of 7 groups of crevasse (CV) systems. A fusion of multi-sensor optical satellite imagery was used to examine hydrologic states during the melt season (May to September) from 2000 to 2015. The peak number of days in the monthly distribution of filled crevasse systems was during the month of July at 329 days, while May had the least at 15. Over the study period the occurrence of drainage within a given season increased. The number of drainages per crevasse group in a season ranged from 0 to 5. The frequency of multi-drainage events were correlated with large strain rates. Over the study period, average summer temperatures ranged from -1 and 2 ⁰C, and tensile strain rates have increased to as high as ~ 1.2 a -1 . Drainage due to fracture propagation may be increasingly modulated by ocean-induced calving for lower elevation systems. Overall water-filled crevasses could expand in extent and volume as temperatures increase resulting in regional amplification of ice mass flux through Jakobshavn Isbrae. 
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Motivation and Prior Work
The Greenland Ice Sheet (GrIS) has experienced considerable mass loss over the last few decades (Alley, Clark, et al., 2005; Alley, Dupont, et al., 2005; Hanna et al. 2008; Joughin et al. 2004; Krabill et al. 2004; Luthcke et al. 2006 ) resulting in negative mass balance and substantive contribution to sea level rise (Rignot et al. 2008; Shepherd et al. 2012; van den Broeke et al. 2009 ). Commensurate with these changes has been the documented impact of surface meltwater on ice sheet velocity during the summer within the ablation zone (Bartholomew et al. 2010; Hoffman et al. 2011; Joughin et al. 2008; Palmer et al. 2011; Shepherd et al. 2009; Sundal et al. 2011; van de Wal et al. 2008; Zwally et al. 2002) , via supraglacial lakes, channels, and moulins largely beyond regions of fast flow (Box & Ski, 2007; Das et al. 2008; Echelmeyer et al. 1991; Howat et al. 2013; Joughin et al. 1996; Koenig et al. 2015; Lampkin 2011; McMillan et al. 2007; Selmes et al. 2011; Sneed & Hamilton 2007; Sundal et al. 2009; Tedesco & Steiner 2011) . However, the presence of ponded water within regions of fast flow has received little attention. Lampkin et al. (2013) (Lampkin et al. 2013) . These systems likely drain resulting from the vertical propagation of fractures to the bedrock via hydrofracture (Alley, Dupont, et al. 2005; Benn et al. 2007; Das et al. 2008; Krawczynski et al. 2009; Nye 1955 Nye , 1957 Van der Veen 1998 , 1999 . A fracture will propagate to a depth where the stress intensity factor is equal to the fracture toughness, and can even reach the bedrock if a region is under tension (Van der Veen 1998 , 2007 . Lampkin et al. (2013) establish that local strain rates are sufficient to drive fractures through to the bed for most crevasse (CV) groups. These features have the capacity to inject substantial volumes of water into the shear margins equivalent to the largest supraglacial lakes found outside of the ice stream (Lampkin et al. 2013 ). However, we do not understand how these crevasse systems have changed over time, their specific impact on regional ice dynamics, and the mechanisms through which melt water from these features can be delivered to the bedrock.
Objective
This investigation performs the most comprehensive assessment of the spatial and temporal variability of water-filled crevasses along the shear margins of Jakobshavn Isbrae ( Figure 1 ). We seek to characterize variability in drainage dynamics over water-filled crevasse systems at annual and interannual time scales using a fusion of multi-sensor data from several optical satellite systems acquired over a 16 year period from 2000 to 2015 each season during the period from May to September. We restrict our assessment to characterizing the 'hydrologic state' (filled or drained) of these 7 water-filled crevasse systems over the analysis period. We do not quantify changes in the volume or areal extent of these systems. We characterize temporal patterns in the drain state of waterfilled crevasse systems responsible for hydrologic weakening of Jakobshavn Isbrae (Lampkin et al. 2013) . We also explore first-order controls on observed drainage behavior. This work provides an important benchmark from which future changes in this component of supraglacial hydrology and the role of meltwater in fast flowing ice streams will be evaluated. The results from this study have implications for understanding processes driving mass discharge from marine-terminating outlet glaciers throughout GrIS.
Chapter 2. Data
Satellite Imagery
Satellite imagery was acquired from several optical satellite systems spanning a range in performance capacity. Cloud-free images from seven imaging systems were used to quantify the hydrologic state of each water-filled crevasse system. The presence of ponded water is easily identified in imagery acquired over the visible part of the electromagnetic spectrum resulting from the propensity for water to absorb incoming solar radiation more effectively than the surrounding ice and firn (Lampkin & VanderBerg 2011) . Data from Landsat-7 ETM+, Landsat-8 OLI, Quickbird-1/2, GeoEye, Worldview-1/2, EO-1 ALI, SPOT-5 and ASTER, were used in this analysis. The combination of data from these systems increases the frequency of sampling resulting in enhanced temporal resolution which offsets the impact of cloud cover. The number of cloud-free images varies for each satellite system, resulting in a non-periodic sampling interval. The overall temporal resolution was improved, though the sampling rate was inconsistent. For more details on imagery and data sources see 
Surface Temperature Data
Near surface temperature data were acquired from the Greenland Climate Network (GCNet) near Jakobshavn Isbrae from the Cooperative Institute for Research in Environmental Sciences (CIRES) (Steffen et. al. 1996) . Hourly 2 m surface temperatures sampled at the JAR 1 and Swiss Camp GC-NET stations were used to create a composite daily average temperature. This time series was used to evaluate patterns in the filling and drainage variability of water-filled crevasse systems.
Velocity Data
Velocity data used in this analysis were derived from the National Science and Ice Data
Center (NSIDC) MEaSUREs data archive on Greenland Ice Velocity: Select Glaciers
InSAR (release v1.1) (Joughin et al. 2016 ) (http://nsidc.org/data/nsidc-0481/). Surface velocity fields were derived from TerraSAR-X (TSX) image pairs based on speckle tracking and interferometric techniques (Joughin et al. 2010 (Joughin et al. , 2016 . Available transverse and longitudinal component surface velocity grids were acquired from this archive over the Jakobshavn Isbrae study area from 2009 to 2015 during the months of May through August. Nominal spatial resolution of these grids are at 100 m.
Elevation Data
Elevation data used in this analysis were derived from the NSIDC MEaSUREs Greenland
Ice Mapping Project (GIMP) Digital Elevation Model (Howat et al. 2015a (Howat et al. , 2015b (http://nsidc.org/data/docs/measures/nsidc-0645/). This DEM was created using a combination of ASTER and SPOT 5 DEMs over the ice sheet periphery and margin south of 82.5° N, and Advanced Very High Resolution Radiometer (AVHRR) photoclinometry for the ice sheet interior and far north. Land elevations were calibrated to [2003] [2004] [2005] [2006] [2007] [2008] [2009] average ICESat and Geoscience Laser Altimeter System (GLAS) elevations (Howat et al. 2015a ).
Calving Front Location
Calving front location (terminus) information were acquired from the European Space
Agency (ESA) Climate Change Initiative (CCI) Greenland Ice Sheet Essential Climate
Variables data archive (http://esa-icesheets-greenland-cci.org/) (Nagler et al. 2017 ).
Calving front positions were delineated manually through visual interpretation and digitization of satellite imagery annually. ERS and ENVISAT Synthetic Aperture Radar (SAR) imagery, and optical data from Landsat 5, 7, and 8 platforms were used to build the terminus location archive. Terminus positions were assessed for 22 of GrIS 28 major marine-terminating outlet glaciers. We acquired calving front location data over Jakobshavn Isbrae from 2002 to 2015.
Chapter 3. Methods
Determination of Hydrologic State of Water-filled Crevasses
The hydrologic state of water-filled crevasse systems (ψ) were quantified through visual interpretation of imagery. The occurrence or presence of water within the water-filled crevasse groups indicate a filled (ψ=1) hydrologic state, while the absence defines a drained (ψ=0) state. A crevasse group was assumed to remain filled until a subsequent image indicates that a particular group is devoid of water. We assumed a given crevasse group remained water-filled during intervening periods when conditions prevented direct observation. This scenario can occur when an initial cloud-free image displays water in a system and is followed by a period of cloud-covered or lack of available images. After such a period, if the subsequent image no longer showed water present then we assumed drainage occurred during the intervening interval. In general, when a crevasse was observed to be filled, we assumed the crevasse was filled until we either observed the crevasse to drain, or the study period for that given year ended. We did not document the areal extent of ponds and did not record partial drainage events. If water was present at all regardless of pond size, we designate the pond as "filled" otherwise it is classified as "drained".
Derivation of Strain Rate
The surface velocity field was decomposed into components consisting of vector (u) oriented in the prevailing direction of ice flow (x) within the main trough of the ice stream, and an orthogonal component (v) perpendicular to ice flow (y). Horizontal strain rates () were estimated from measured surface velocity through differentiation of component velocity grids where the strain rate tensor is given by:
Strain rate component fields were used to calculate the magnitude in the principle strain axis in the horizontal plane, where the magnitude of minimum (1) and maximum (3) tensile strains are given by:
In this analysis, we were specifically interested in the ̇3 field as we wanted to examine the spatial and temporal variability in the tensile strain field, which controls fracture propagation within the shear margins. Given this, we did not compute the angle between ̇1 and ̇3. All grids based on velocity image pairs of estimated ̇3 between May and August of each season were averaged. The seasonal averages values were sampled within the maximum areal extent of water-filled crevasse system delineated from Landsat ETM imagery during the 2007 melt season (Lampkin et al., 2013) and spatially averaged ( 3 ) ̅̅̅̅̅ .
Logistic Regression Modeling
We implemented a logistic (logit) regression model to assess temporal changes in the hydrologic state of water-filled crevasses over the analysis period. The use of logit regression was appropriate as our response variable (yi) was binary (0 or 1) where
Here yi is considered the realization of a random variable Yi that can take binary values with probabilities and 1 − respectively. The distribution of Yi is a binomial distribution in which probabilities are expressed as
assuming observations on yi were independent. Given this we defined a model such that is a linear function of covariates
where β is a vector of regression coefficients. This ordinary least squares model was transformed to accommodate a binary dependent variable through the logit transform through expressing probabilities as odds ( 1− ) and deriving the log-odds given by
where the fitted model in Eq. (7) using the maximum likelihood estimation routine computes β, which represents the change in the logit of the probability associated with a unit change in the independent variable assuming all else held constant. Solving for the probabilities resulted in the transformed model as
Our model is built such that the dependent variable was the observed hydrologic state, and the independent variable is time (tn) for only days a direct observation was recorded (non-interpolated). In this analysis, we were primarily interested in the change in the probability of filled states over time. This was accomplished through hypothesis testing on the modeled β coefficient. We employed the Wald statistical test, which tests the significance of the null hypothesis (H0: = 0) at the 5% significance level, by calculating a metric (z) with a 2 distribution when H0 is true given by
where ̂ is the standard error (deviation) of the model.
Chapter 4. Results
Spatial and Temporal Variability of Hydrologic State
The availability of cloud-free images varied across the study period with some years having more samples than others. The number of total samples per season increased with time ( Figure 2a) . All CV groups had a minimum of 1 day between observations. The maximum days between observations was 140 for CV7, while the maximum days between observations was 107 for CV2 and 3. The maximum days between observations for CV4, 5, and 6 was 108 days, and 111 days for CV1. Total percent of days filled (interpolated) over the study period ranged from roughly 36-55% ( Figure 5 ). CV2 was filled for the longest duration, while CV1 was filled for the shortest duration over the entire study period.
Drain Frequency
Throughout the study period water-filled crevasse systems were observed to fill and drain throughout each season (Figure 3 ). Some systems were observed to refill and drain multiple times during a season, this will be referred to as a multi-drain event for the remainder of the paper. Over the 16 year study period, there were 9 seasons where at least one crevasse group demonstrated a multi-drain event. For the 2011 season 13 drainage events were observed, with CV1 draining 5 times, both of which were maximums for the study. In 2003 we only observed 5 drainage events, indicating that 2 crevasse groups did not have water observed. Temporal patterns in seasonal hydrologic state over all crevasse groups was also examined. A time series of cumulative days over which crevasse systems were filled with water (Nfill) demonstrated five distinctive multi-year patterns (Figure 6a ). These patterns generally ranged between 3-4 years and were consistent across all groups.
The mean number of filled days per month were evaluated (Figure 6b ), and varied across the seven crevasse groups. All seven crevasse groups maintain the same range of filled days per month over the study period. CV1 had the lowest mean at 11.21 days, while CV2 had the maximum mean at 16.75 filled days per month. Mean filled days across all groups were within 1 of each other indicating that most groups did not demonstrate significant differences in the duration of filled states.
Relationships between Drain Frequency and Near-Surface Temperature
Relationships between drain frequency and near-surface atmospheric temperature were explored ( Figure 7 ). 
Relationships between Strain Rate and Drainage
Variations in 3 ̅ can be indicative of conditions that drive fracture propagation responsible for drainage of water-filled crevasses. Unfortunately, we were not able to correlate changes in strain rate with observed drain occurrence because we did not always have velocity data available for each crevasse group over every season. However, we were still able to identify some relationships between strain rate, and drainage. 
Relationship between Terminus Location and Drain Occurrence
Fluctuations in local strain rates in the vicinity of each CV group could be induced by downstream calving events at the glacier terminus. We tracked seasonal and interseasonal changes in calving front location from 2002 to 2015 (Figure 8 ). Additionally, we examined relationships between front changes and the timing of drainage from each CV group over the study period (Figure 8, top panel) . We documented the magnitude of observed frontal change (ΔDCV) that corresponded to the time period when drainage was observed to occur from the water-filled crevasse groups. 
Logit Model
A logistic regression analysis was conducted to evaluate the temporal variability in hydrologic state of water-filled crevasses. The time series for each CV system was fit with a logit model. The models provide an estimate of the probability of the crevasse group to be water-filled, P(ψ=1). We were strictly concerned with evaluating the trend in the occurrence of ψ and not interested in using models to predict or interpolate hydrologic states. Generally, CV1, 5, and 6 maintained a decrease in P(ψ=1) with time, while CV3 and 7 increased and CV4 was invariant (Figure 9 ). . Logit regression analysis on the probability of filed state P(ψ=1) vs time for all crevasse groups over the study period. Circles are hydrologic states such that ψ=1 is filled and ψ=0 is drained. Solid line is logit model fit.
Significance test on the ̂ indicated that the trends in the temporal change in P(ψ=1) were largely insignificant (p > 0.1) and not enough to reject H0 for most groups. The exception is CV1, which was weakly significant ( Chapter 5. Discussion
Impact of Sampling Bias
The impact of cloud cover and varying temporal resolution has a significant impact on how we interpret drain dynamics of the water-filled crevasses using our archive. These issues result in variation in the number of observations over the crevasse groups for each season. The numbers of samples used to characterize the hydrologic state of water-filled crevasses were fewer before 2009 than after. This raises the possibility that drainage events earlier in the study period were missed. Furthermore, the lack of daily sampling over all seasons means our estimates of drainage dates may not be exact. Drainage events were based on the observation of the lack of water present over a given CV group.
Images were not necessarily obtained the same day a drainage occurred. However, in most cases, we were able to bound the time interval over which a particular CV group drained since most observations occurred on an interval of 10 days or less. Additional data from new sources, such as visible imagery from Cubesats, will be considered to improve sampling resolution for future studies. Everett et al. (2016) hypothesize that drainage and filling downstream of Helheim Glacier may be the result of a high pressure wave passing down glacier following a lake drainage.
Factors Influencing Drain Behavior
We have not observed coordination in drain and fill behaviors among adjacent pond groups. There is no relationship between supraglacial lake drainage and water-filled crevasse drainage within the shear margins of Jakobshavn as the closest lake to many of our CV groups is more than 15 km away in the extra-marginal ice field. Lastly, it is not feasible for drainage of crevasse groups within the northern margin to impact the filling and drainage behavior of those within the southern margin and vice versa. The margins are separated by a deep trough with no evidence for connected subglacial hydrology transverse to the main direction of ice flow.
For our study we considered that seasonal variability in surface temperatures responsible for melt production and runoff may be an important driver on the observed hydrologic state patterns. During seasons with relatively warmer temperatures, waterfilled crevasses can demonstrate multiple drain and refill cycles. This process is facilitated by the capacity for short-term localized melt production and runoff, which could rapidly refill crevasses after a drainage event. However, in cooler seasons, there would be insufficient energy to drive rapid refilling after an initial drainage event.
Surface temperatures have demonstrated a positive trend of 0.47±0.55 ( ∘ C/Decade) over central-west Greenland (Hall et al. 2013) . Specifically, average near-surface temperatures near Jakobshavn over the study period varied between -1 to 2 °C. High frequencies of multi-drainage events corresponded to warmer seasons, while cooler periods had few to any multi-drainage events. It is not clear that the occurrence of filled states over time is proportional to changes in regional temperature. This is also consistent in the logit model results as we might expect to see statistically significant trends in the probability of filled states with time commensurate with an increase in temperatures. The insignificance in the trend on the probability of filled states regardless of the sign seems to indicate that temperature is not a control on whether a given crevasse group will be more or less likely to be filled. It is likely that temperature is more influential in determining the seasonal areal extent of these water-filled crevasse groups. Since we did not assess the areal of extent of these system in this analysis, additional work is necessary to evaluate these relationships.
The water-filled crevasses examined in this analysis are in a field of closelyspaced fractures. An air-filled fracture in a field of other crevasses maintains a lower net stress intensity factor at the fracture tip, which requires a larger tensile stress to propagate the fracture to the bed (van der Veen 1998). Mean distance between fractures within the boundaries of the CV groups can range from ~78 m (CV7) to 110 m (CV3), which corresponds to stress intensity factors between ~0.5 to 0.7 (MPa m 1/2 ) (van der Veen 1998). These values exceed the ice fracture toughness (0.1 -0.4 MPa m 1/2 ) (van der Veen 1998), but only for the case where the fractures are water-filled. A water-filled crevasse can readily penetrate to the bed because the density of water is greater than ice such that if the fracture remains water-filled, the resulting hydrostatic pressure is sufficient to overcome lithostatic pressures (van der Veen 1998 (van der Veen , 2007 . Therefore, the filling rate is the most important factor controlling fracture propagation (van der Veen 2007). Filling rates estimated during the 2007 melt season ranged from 0.04 to 1.25 (m h -1 ) (Lampkin et al. 2013 ). Given these rates, for a tensile stress of ~ 300 kPa, a single fracture could penetrate between ~400 to 1100 m, which is equivalent to ice thickness in the vicinity of the water-filled crevasses. Melt water production and runoff responsible for filling crevasses are variable both intra and inter-seasonally. This would induce intermittent hydrofracture crack propagation, and may not allow for a fracture to penetrate to the bed.
Under these circumstances, delivery of meltwater to the bed could only be possible if local strain rates are sufficiently large to overcome the reduced stress intensity in the closely-spaced crevasse fields. Estimated strain rates during the 2007 season over the water-filled crevasse systems were sufficiently large (Lampkin et al. 2013) .
In this analysis, maximum tensile strain rates have increased over the last 16 years and were correlated with an increase in multi-drain events. The events are likely driven by both an increase in melt production and local tensile stress. This is consistent with laser altimetry estimates of surface roughness, which show substantial variability within the shear margins relative to the main trough from 2003 to 2009 (Herzfeld et al. 2014 ).
There was no expansion of roughness within the shear margins during this period of rapid thinning (10-15 m a -1 ) (Herzfeld et al. 2014) .
Terminus Perturbations and Crevasse Drainage
Ocean-induced terminal perturbations have been implicated in the observed acceleration and thinning in the lower trunk of the ice stream (Aschwanden et al. 2016; Holland et al. 2008; Joughin et al. 2008) . Bondzio et al. (2015) assert that ice acceleration within the main trough of Jakobshavn increases strain along the shear margins, while amplifying rheological softening. Therefore, ice fracture toughness would be reduced enough to easily facilitate fracture propagation. Bondzio et al. (2017) have established that the impact of calving would be limited to within 10 km of the terminus. Clearly, the impact of terminal perturbations on strain rates in the vicinity of the water-filled crevasse groups were negligible over much of the analysis period. It is only during recent seasons that the front has reached a position such that the lower elevation systems (CV1, 2, and 4) are within the 10-15 km range (Joughin et al. 2012) where longitudinal coupling from calving events could be influential. This may change as the terminus of Jakobshavn continues its rapid retreat.
Chapter 6. Conclusions
Controls on drainage and filling are a complex set of interacting factors that include surface melt production/runoff, and local/regional ice dynamics driving fracture propagation.
Crevasse systems within Jakobshavn shear margins fill and drain annually, therefore the frequency in the occurrence of water alone is not sensitive to observed increases in temperature. However, pond extent and depth are likely to be sensitive to regional warming over the study period but was not examined in this work. Regardless of the limitations in our archive, each water-filled crevasse system experienced considerable variability in filling as a result of local variability of melt water production, accumulation, and storage capacity. The size and configuration of subglacial morphology is probably a first-order control on storage capacity and indirectly influences local strain rates, fracture propagation, and drainage. More work is required to assess factors that control the magnitude and rate of filling such as components in the surface energy balance (i.e. solar insolation and turbulent heat flux) or the potential for localized inter-fracture percolation.
The major findings in the study indicate that water-filled crevasse groups demonstrate differences in both spatial and temporal variability of hydrologic state that reflects local conditions in melt production, run-off, and drain behavior. Drainage frequency is not sensitive to increasing temperatures over the study period. Frequency of drainage increases with increasing strain rates though factors driving inter-seasonal changes in strain along the margins have not been evaluated. The impact of calving on drain behavior was negligible until the end of the study period, when the lower elevation crevasse systems were within ~10 km of the terminus. This may become an important factor in influencing water-filled crevasse systems in the future as the terminus continues to retreat. We discovered increased occurrence in multiple inter-seasonal drainage events, which may be related to dynamics of the subglacial hydrologic environment. Additional work is required to understand how englacial and subglacial systems impact drain propensity.
Enhanced mass flux from Jakobshavn Isbrae over the last couple of decades is driven by a combination of various factors. In particular, the impact of hydrologic weakening of the shear margins could increasingly become a major factor in both enhancing extra-marginal ice flow as well as amplifying the impact of ocean-induced terminal perturbations. Current trends and projections indicate a warmer arctic. Under prognostic scenarios, we could expect expansion in both the distribution of ponded water in the shear margins to higher elevations and areal extent. Large volumes of water would become available for infiltration driving regional changes in ice dynamics. Hydrologic weakening of the shear margins could play a critical role in the future stability of not only
